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When point defects, either intrinsic (such as vacanties or interstitials) or extrinsic (most impurities with the 
exception of shallow donors or acceptors) are introduced into a semiconductor, they can result in the 
occurrence of ‘deep states’. These are electronic levels that are not normally ionized at room temperature, 
but can affect both carrier concentrations and minority carrier lifetime. The purpose of this review is to pro- 
vide an outline of the techniques that are commonly used to characterize deep defect states in terms of their 
1 electrical properties. 
D eep state characterisation methods can be broadly di- vided into space charge 
methods and ‘bulk’ methods. In 
general, space charge methods 
have much greater sensitivity but 
have the disadvantage that the 
measured parameters are deter- 
mined in the depletion field, a fac- 
tor which may result in 
signiíicantly different values being 
observed for some properties (e.g. 
reduced thermal activation ener- 
gies due to the Poole-Frenkel ef- 
fect). In contrast, ‘bulk’ techniques 
(such as Hall measurements) pro- 
vide parameter values in the neu- 
tral (low field) region of the 
material but for these techniques 
to be applicable, the concentration 
of the deep state must be suffìcient 
to have a measurable effect on the 
position of the Fermi leve1 at some 
accessible temperature. Bulk tech- 
niques will be considered in a later 
review. 
Al1 techniques for the measure- 
ment of the electric parameter of 
deep states can be regarded as hav- 
ing three stages.These are: 
1. The occupancy of the deep 
electrical state is set; 
2. The occupancy is perturbed; 
3. The change in occupancy is 
measured directly or indirectly. 
It is variants on these three 
stages that distinguish the methods 
of measurement. For example, in 
deep leve1 transient spectroscopy 
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(DLTS) the occupancy is set by ap- 
plying zero bias to the normally re- 
verse biased depletion region. The 
shift of the Fermi leve1 will tend to 
result in states becoming occupied 
by majority carriers. The diode is 
then restored to reverse bias and at 
a sufficiently high temperature the 
majority carriers are thermally 
emitted from the deep state. This 
sequence provides a transient per- 
turbation of the occupancy that is 
monitored by observing the smal1 
signal capacitance of the diode us- 
ing a simple analogue signal pro 
cessing technique to evaluate the 
resultant capacitance transient. 
In 1966 Williams [l] published 
the frrst paper describing space 
charge measurements of deep 
states in GaAs. In this work he used 
an electrolytic Schottky barrier. 
Most of the work on deep state 
properties has been undertaken on 
p-n junctions or metal-semiconduc- 
tor barriers. 
Almost all published data have 
been obtained using techniques 
that result from the use of thermal 
emission to characterize the state. 
There are, however, many variants, 
Sah [2], Blood and Orton [ 31. 
Deep state occupancy 
Figure 1 shows an overview of 
some of the principal charge ex- 
change mechanisms involving 
deep states.The arrows denote the 
direction of electron transfer while 
Figure 1. Principal charge exchange mechanisms associated with deep states. 
0961-1290/99/$ - see front matter 0 1999 
Elsevier Science Ltd. All rights reserved. 
Measurìng Deep States 
the symbol C represents the cap- 
ture rate and e the emission rate. 
The subscript p indicates a hole 
process and n an electron process. 
(A) represents carrier generation, 
(B) electron trapping and e-emis- 
sion, (C) hole trapping and re-emis- 
sion and (D) recombination. The 
symbols e, and el, represent elec- 
tron and hole emission rates with 
units of sl, while c, and cp repre- 
sent the electron and hole Capture 
coeffcients with units of cm3.s1 
(some authors use c, and cp to rep- 
resent Capture rates which have 
units of s1 and in our notation 
these are equal to nc,. We use the 
symbol C, to represent this quanti- 
ty, i.e., C, = nc,).At equilibrium, nT 
is the number of traps occupied by 
electrons, and the number of emp- 
ty traps is N, - nT. Consequently: 
(cn + ed(NT - q.1 = Cq, + CPN+ 
This gives a steady state value for 
the occupation factor fT for the lev- 
el, defìned by fT = nr/N,: 
fT = c,n + ep/en + cpp + c,n + ep 
c n and cp are often written in 
terms of Capture cross-sections on 
and op which have units of cm2: 
‘II = ‘nvth 
where vth is the thermal velocity 
of electrons. The above equation 
fT is the basis of all deep leve1 
measurements. 
Now, we force a change in f, by 
changing the trap environment 
thermally, optically or simply by ex- 
panding or collapsing the deple- 
tion region so as to shift the Fermi 
leve1 at the trap location. 
Normally we try to establish an 
initial condition of fT = 1 and then 
observe the smal1 signal capaci- 
tante change of the depletion re- 
gion AC as fr + 0. In genera1 this 
wil1 be a time dependent exponen- 
tial function so that for the emis- 
sion of electrons in n-type material 
or holes in p-type (majority carrier 
emission): 
AC(t) = AC(tota,) (1 - eet’3 
and for the emission of holes in n- 
type and the emission of electrons 
in p-type (minor@ carrier emis- 
sion): 
gradient of the line. E, is a conve- 
nient tìngerprint for the defect.An 
example of such an Arrhenius plot 
is shown in Figure 2. 
The last equation relating emis- 
sion rate e, to temperature is often 
written in the form 
AC(t) = A$_,) emtjZ 
e, = gv,,N,o,exP(-E&T) 
It is the time constant z that pro- 
vides information that we can use 
to investigate the properties of the 
deep state. The next section con- 
siders the cases of most interest to 
US - thermal emission and carrier 
Capture. 
Thermal emission 
By far the most common measure- 
ments involve using thermal ener- 
gy to change the occupancy of the 
centre. If we consider the case 
where a defect is fully electron oc- 
cupied and is emitting its electrons 
to the conduction band, then the 
thermal emission rate is propor- 
tional to a Boltzmann factor: 
e, = A, exp (-EJkT) 
A, is a property of the trap-semi- 
conductor system. E, is the activa- 
tion or trap energy. This form of 
relationship means that the emis- 
sion rate changes very rapidly with 
temperature. If the log of e, or, 
more usually for reasons discussed 
below, (log eJT2 is plotted against 
UT, E, can be obtained from the 
where N, is the density of states 
and g the degeneracy of the elec- 
tron state; the other terms are as 
previously defmed. This relation- 
ship, derived by applying the prin- 
ciple of detailed balance to the 
emission and Capture processes, 
can only be applied for near equi- 
librium conditions for a single re- 
versible process. If the Capture 
proceeds through an intermediate 
state or states, this relationship is 
erroneous, and there is some evi- 
dence that such Capture processes 
do occur. However, we must note 
that (vthNJ varies as T2 which is 
why we plot log eJT against UT. 
More importantly both o and 
Er (the real trap energy depth) are, 
in general, functions of tempera- 
ture. As wil1 be discussed later, it is 
possible to measure (3 directly and 
determine its temperature depen- 
dence. Hence if (3 increases with in- 
creasing temperature with an 
activation energy, E,, then En (the 
thermal energy of the state) is tak- 
en to be E, - E, where E, is the 
slape of the T2 corrected Arrhenius 
plot. This makes the tacit assump- 
F 7gure 2. Arrhenius plot of the electron emission rate of a defect in silicon. The slope of the 
plot is 381 meV(EJ and the intercept is 1.06x l@ s-‘k-” at T= -. This is equal fo A,. 
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tion that any dependency of CJ onT 
can be described by an exponen- 
tial relationship. Only if this depen- 
dence is due to an energetic 
barrier that can be surmounted 
thermally is this accurate. 
In practice, the physical inter- 
pretation of E, is of concern pri- 
marily when comparing energies 
obtained from optica1 measure- 
ments with the thermal energies 
and most importantly in the deriva- 
tion of Capture cross-sections from 
the emission data. 
Capture cross-sections 
The process of a defect capturing a 
carrier is conceptually more 
straightforward than emission. We 
merely assume that the defect has 
a sphere of influence and ascribe it 
a cross-sectional area so that any 
carrier intercepting that area wil1 
be ‘captured’. If we take an empty 
defect state and allow it to Capture 
electrons we can observe the cap- 
ture process by monitoring the 
change in occupancy of the state 
and so derive a Capture cross-sec- 
tion. This process wil1 proceed 
with a rate C, given by: 
C, = onvthN,n 
This gives rise to an exponential 
transient in occupancy with a time 
constant equal to C;‘N,,..There are 
several experimental techniques 
available for this measurement, 
two of which are widely used: 
DLTS with variable filling pulse 
width, which measures majority 
carrier cross-sections, and MCTS, 
which measures minority carrier 
cross-sections. These techniques 
will be described later. The mea- 
surement of Capture cross-sections 
enables the Shockley-Hall-Read ki- 
netic model to be applied and al- 
though the measurement is 
normally carried out in an environ- 
ment in which only one type of 
carrier is present, the results have 
been very successíülly used to cal- 
culate minority carrier lifetimes. 
The recombination process in 
Figure 1 occurs in bulk material 
(not the depletion region) and we 
can see that two processes are in- 
volved - the Capture of a hole and 
the Capture of an electron.The pre- 
vious equation for C, demonstrates 
that the Capture rate depends on 
the number of carriers present. 
Electrons have been considered, 
but the case for holes is identical if 
the hole parameters are substitut- 
ed for the electron values. In the 
bulk of p-type material the hole 
concentration is high and so unless 
op << on the hole Capture rate will 
be faster than electron Capture, 
i.e., the state will tend to be hole 
occupied. Consequently, as we 
need both processes to occur for 
recombination, the rate limiting 
step wil1 be minor@ carrier cap- 
ture, in this case, electron Capture. 
As a result, for low excitation levels 
in p-type material we can write a 
very simple expression for the mi- 
nority carrier lifetime: 
A similar expression can be writ- 
ten for n-type material depending 
on the hole cross-section and con- 
centration. 
Capacitance or current? 
Although the change in occupancy 
of the deep state in GaAs could be 
detected in many ways this is al- 
most always done by a measure- 
ment of depletion capacitance or 
by the detection of the current 
produced by the emitted carriers. 
In a few techniques, changes in 
conductance are measured. 
For the space charge methods, 
some comments should be made 
in contrasting current and capaci- 
tante techniques. In general, capac- 
itance techniques are favoured 
because in the case of a one-sided 
junction (Schottky barriers, p+n 
and n+p junctions) a distinction 
can be drawn between hole and 
electron emission simply by ob- 
serving the sign of the capacitance 
change. However, the magnitude of 
capacitance charge induced by 
unit charge depends on its spatial 
location within the depletion re- 
gion. Charge on the junction plane 
has no effect on the capacitance 
while charge introduced at the de- 
pletion region edge has a maxi- 
mum effect. In the case of current 
measurements, a released majority 
carrier makes an equal contribu- 
tion to the current irrespective of 
the location of the trap from 
which it originated. 
Perhaps the most confusing fea- 
ture of current techniques is that 
fundamentally the peak height for 
a given trap concentration is a 
function of the emission mte: this 
is not the case for capacitance. 
Apart from the need to take this in- 
to account when calculating trap 
concentrations, it als0 causes a 
shift of the peak (in temperature 
scanned experiments) to higher 
temperatures.This is often a source 
of misinterpretation in the litera- 
ture particularly in comparison of 
trap ‘fingerprints’ obtained by dif- 
ferent methods. 
: Minority carrier 
V Majority carrier trap 
temperathe (T) 
Tgure 3. Capacitance transients resulting 
from applying a voltage pulse to a diode 
containing deep states. 
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DLTS and relatives 
DLTS was first described by Lang 
in 1974 [4]. The technique pro- 
duces a sequence of peaks when a 
function related to time depen- 
dence of capacitance change is 
plotted against temperature. At its 
simplest, each peak represents a 
deep state. In DLTS the traps are 
frlled with carriers by applying a 
zero or forward bias pulse to the 
device and then observing the 
transient after the device is 
switched into reverse bias, usually 
between 2 and 10 V. The pulse se- 
quence and resultant capacitance 
transient are shown in Figure 3. 
In Figure 3 it can be seen Erom 
the voltage plot at the top of the di- 
agram that the device is switched 
into forward bias for a short period 
of time (typically 1 ms). This col- 
lapses the depletion region and al- 
lows the trap to fill from the 
majority carrier population. When 
the voltage is switched into re- 
verse bias again the captured ma- 
jority carriers have reduced the 
net space charge and the capacit- 
ante is lower. If the temperature is 
sufficiently high the majority carri- 
ers are emitted and the net space 
charge increases which is detected 
as an increase in capacitance. The 
rate at which this happens is 
strongly dependent on tempera- 
ture as shown in the lower part of 
the diagram. If we apply a ‘fill’ 
pulse which forward biases the p-n 
junction to such an extent that a 
substantial amount of current 
flows, minority carriers are inject- 
ed. Their concentration will always 
be less than that of the majority 
carriers but if the minority carrier 
Capture cross-section is compara- 
ble with or larger than the majority 
carrier cross-section then we will 
Capture minority carriers at the de- 
fect and may observe a transient of 
the opposite sense as shown by 
the dotted line. 
In DLTS the exponential change 
of capacitance, the emission tran- 
sient, is sampled at two times, tt 
and t,, which are typically in the 
range 0.1 ms to 1 s.The amplitude 
200 250 
T W) 
Figure 4. A family of DLTS peaks taken at six different ‘rate windows’ i.e. settings of t, and tz 
These have been chosen to give a peak at emission rates in the range 20-1000 sl. This 
highest rate window always appears at the highest temperature. Note the width of these neal 
ideal peaks and the characteristic shape, i.e. the high temperature edge is steeper than that 
on the low temperature side. These are the raw data from which the Arrhenius plot shown in 
r 
Figure 2 has béen produced. 
differente between the two sam- 
ples provides the DLTS signal 
which is then plotted against the 
sample temperature.The reasoning 
behind this is shown in the lower 
part of Figure 3.The times tt and ta 
are the times after the end of the 
reverse bias pulse. If the exponen- 
tial is very slow (as at the bottom 
of the @ure) almost no differente 
between the values of the capaci- 
tantes, AC, exists. If the exponen- 
tial is very fast (as at the top) again 
no differente exists. At intermedi- 
ate values of time constant AC is 
non-zero and for given values of t1 
and t, there is a time constant that 
will give a maximum output. 
Because of the Boltzmann factor 
the time constant changes rapidly 
with temperature so if we alter the 
sample temperature the plot of AC 
against T will peak when the emis- 
sion rate matches the system time 
constant, i.e. when: 
en’ = z = (tt - t2> ln(t,/t,) 
Traps with different emission 
rates will produce peaks at differ- 
ent temperatures and several dif- 
ferent trap species will produce a 
‘spectrum’. To produce an activa- 
tion plot the temperature must be 
scanned at different values of t, 
and ta, or different ‘rate windows’ 
in DLTS jargon. Such a family from 
a single deep leve1 is shown in 
Figure 4. The Arrhenius plot is de- 
rived from the positions of the 
peaks at the various rate windows. 
The variation of emission rate 
with temperature is shown by the 
width of a single peak. It is, of 
course, the variation of emission 
rate with temperature that gives 
rise to the peak width and so the 
peak width could be used to de- 
rive the activation energy. 
However, the peak width is not ex- 
clusively a function of the trap pa- 
rameters. It depends on the DLTS 
system, in particular the t.& ratio, 
the sampling width etc., and so 
these must also be taken into ac- 
count. In genera1 this method is 
not favoured due to the narrow 
temperature range sampled and 
the uncertainties associated with 
the degree of broadening due to 
other interfering physical effects. It 
is not only from the position of the 
peaks that experimental emission 
transients provides information; 
their magnitudes are directly related 
to the amplitudes of the emission 
transients and the concentrations 
of the deep states. 
Conventional DLTS 
There are, however, a number of 
situations that can introduce signif- 
icant inaccuracies, the most com- 
Hl-VS Review ??Vol.12 No. 1 1999 
48 
Measuring Deep States 
mon being the use of inappropri- 
ate bias conditions. If the Ming 
pulse is too short or of inadequate 
magnitude, not al1 the traps will full 
and so the observed capacitance 
change is reduced, underestimat- 
ing the trap concentration. Rather 
less obvious is the effect of using 
smal1 values of reverse bias.This is 
often done in order to reduce the 
effect of the electric field in the de- 
pletion region that tends to in- 
crease the emission rate and hence 
distort the ‘signature’ of the defect. 
(This is particularly severe for 
donors in heavily doped material). 
Now, the transition region be- 
tween the space charge region and 
the bulk is a significant part of the 
depletion region and so must be 
taken into account when calculat- 
ing the concentration.This effect is 
temperature dependent and results 
in high temperature peaks being 
larger than those at lower tempera- 
tures [ 51. 
Errors in the computation also 
occur when the trap concentration 
is high, i.e: 
N.,.h,,-N,l/lO 
and the depletion width changes 
during the emission transient. For 
the case where both the shallow 
dopant concentration and the trap 
concentration are uniform, al- 
lowance can be made for this ana- 
lytically. However, a much more 
genera1 solution is to modify the 
DLTS system so that the capaci- 
tante is maintained at a constant 
during the transient by a feedback 
network with the variation in volt- 
age necessary to do this monitored 
and analysed. The method is 
known as constant capacitance 
DLTS [5]. 
The limiting case of high trap 
concentration is that of semi-insu- 
lating material. In this case manipu- 
lation of the Fermi leve1 cannot be 
used to change the initial occupan- 
cy of the deep states.A widely used 
method of characterizing deep 
states in such material is to apply a 
pulse of above bandgap light to the 
sample. This perturbs the equilibri- 
um occupancy of the deep states 
and the emission of carriers is ob- 
servable as a current transient. It is 
not possible to determine trap con- 
centrations using this technique 
nor is it possible to distinguish be- 
tween hole and electron emission. 
The technique and its variants are 
discussed in detail by Look [7] and 
are referred to by different groups 
as PICTS (photo-induced current 
transient spectroscopy), PITS (pho- 
to-induced transient spectroscopy) 
and OTCS (optica1 transient cur- 
rent spectroscopy). They wil1 be 
met in a future review. 
Non-uniform materials 
The task of obtaining meaningful 
results from samples with non-uni- 
form doping and/or deep state 
populations is probably one of the 
most diffìcult of al1 deep leve1 mea- 
surements. The deep state popula- 
tion can be protìled by holding the 
filling pulse constant and varying 
the reverse bias or by holding the 
reverse bias constant and changing 
the amplitude of the Bl1 pulse. Both 
are quite simple to do experimen- 
tally, the problems arising in the da- 
ta analysis. Simple calculations do 
not account for the Debye tail and 
it was shown many years ago that 
this resulted in very misleading re- 
sults [7,8]. Calculations taking fnll 
account of the Debye tail are te- 
dious but analytical approxima- 
tions have now enabled this to be 
done on desk-top computers with 
good accuracy for the genera1 case 
of variable N, and 1 N, - N, 1 .This 
is of crucial importante for assess- 
ing the damage near steep ion im- 
plantation profiles. For the case 
where 1 N, - N, 1 is substantially 
constant a hardware solution ex- 
ists, referred to as double DLTS [9]. 
DDLTS subtracts the DLTS signals 
obtained from consecutive tran- 
sients with slightly different tìlling 
pulses, essentially subtracting the 
Debye tail effects.The problem of 
profìling deep states through a 
band discontinuity (i.e. a hetero- 
junction) has not as yet been 
solved in a rigorous way, although 
solutions exist for specifìc cases. 
Recent improvements 
One of the major problems in rela- 
tion to DLTS is the lack of resolu- 
tion. The peaks tend to be very 
broad and, as has been mentioned 
previously, this is a major factor in 
ascribing defìnitive identities to 
thermal emission fingerprints. The 
origin of the broadening is many- 
fold. Lang’s box car technique is 
extremely crude in signal process- 
ing terms. In 1978, Hodgart [lO] 
proposed using a somewhat more 
complex signal analysis method 
based on a weighting function. He 
showed that much greater selectiv- 
ity could be obtained. This treat- 
ment was considerably extended 
in 1981 by Crowell and Alipanahi 
[ll], who presented an analytical 
approach based on filter theory. 
Their detailed treatment showed 
quite clearly that selectivity carried 
with it a substantial noise penalty. 
They presented details of several 
schemes in which the trade-off be- 
tween selectivity and noise could 
be optimized. In 1987, the subject 
was revisited by Nolte and Haller 
[ 121 on the basis of attempting to 
achieve the ultimate in energy res- 
olution. Implementation of these 
systems has proved to be particu- 
larly diffìcult. Issues related to 
noise have already been men- 
tioned but, from a mathematica1 
viewpoint, perhaps the most diffi- 
cult issue is the fact that the zero 
base line of the exponential decay 
is not known. Recently significant 
advances have been made in the 
practica1 implementation of high 
resolution systems by employing 
more advanced techniques. 
Because this work was initially 
based on the inverse Laplace trans- 
form, they have become known 
generically (and somewhat erro- 
neously) as ‘Laplace transform 
DLTS’ [ 131. Truly remarkable im- 
provements in resolution have 
been achieved in the study of 
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many materials, including Ga4s 
[ 141. Dobaczewski et al [ 131 point 
out that the signal processing issue 
is only one of a number of factors 
in achieving reduced line widths of 
the DLTS signal.The Laplace DLTS 
methods are isothermal tech- 
niques, analysing the range of rates 
at a specitìc temperature and pro- 
vide a spectra1 plot of a processed 
capacitance signal against emission 
rate rather than against tempera- 
ture. In order to produce an 
Arrhenius plot, the experiment is 
repeated at a number of tempera- 
tures. This eliminates the line 
broadening due to the shift of para- 
meters with temperature that they 
consider to be of comparable sig- 
nilìcance to the signal processing 
broadening in conventional DLTS. 
DLTS modifications 
Al1 the methods considered so far 
have effected the change of occu- 
panty by shifting the Fermi leve1 
to achieve majority carrier occu- 
panty and then examined the ma- 
jority carrier emission. It is quite 
feasible to undertake similar exper- 
iments using filling with minority 
carriers. Lang [4] describes such a 
method in his early papers on 
DLTS and, in this case, minority car- 
rier occupancy was achieved by 
passing a forward current through 
a p-n junction. It is also possible to 
perturb the occupancy optically 
and a number of techniques have 
been used to this end. Optica1 
methods can be used to excite car- 
riers across the gap and create mi- 
nority carriers. In this case, the 
wavelengths of the exciting light 
must be slightly above bandgap. 
Alternatively, sub bandgap light 
can be used to directly change the 
occupancy of the state according 
to its optica1 cross-section.The first 
application of the generation of mi- 
nority carriers by above bandgap 
light as a technique for manipulat- 
ing the occupancy of deep states 
was described by Hamilton et al 
[ 151 and developed into minority 
carrier transient spectroscopy 
(MCTS) by Brunwin et aE [ 161 .This 
is a very convenient method for in- 
direct gap semiconductors but re- 
quires great care in its application 
to GaAs because of the steepness 
of the absorption edge which 
does, of course, change with tem- 
perature.The change in occupancy 
resulting from sub-bandgap optica1 
excitation was first described by 
Mitonneau et al and is referred to 
as optica1 DLTS (ODLTS) [ 171. 
Majority carrier traps 
In DLTS we lil1 the majority carrier 
traps with a pulse of zero bias or a 
smal1 forward bias which enables 
them to Capture carriers from the 
bulk population. If the pulse is 
very short it is possible that the 
traps wil1 not have time to full com- 
pletely. In fact, if we consider elec- 
tron traps, the extent to which 
they fill wil1 depend on the trap 
cross-section o, , the pulse length 
t, and the majority carrier popula- 
tion n, so that the number of traps 
occupied at time t is nr(t), then 
where the thermal velocity Vth = 
(3kT/m*)‘/* = 10’ cm.s-’ at room 
temperature. 
As the tìlling pulse length is re- 
duced a point is reached where 
the trap fails to fill completely and 
the amplitude of the emission tran- 
sient, and hence the DLTS peak 
height, is reduced.The usual proce- 
dure is to set the temperature so 
that the DLTS output is at a peak 
and then change the filling pulse 
width by known amounts. The 
slope of the plot of log [(AC(_) - 
AC& / AC,,] against t will then 
give the major@ capture cross-sec- 
tion directly. The interesting point 
about this method is that the cap- 
ture is from the bulk, i.e. a field free 
region, whereas the emission is ob- 
served in the space charge layer. 
Unfortunately, it is often not possi- 
ble to make the pulse length as 
short as may be required.The tech- 
nique requires considerable care 
for pulses cl00 ns and it becomes 
increasingly difficult as the pulse 
length is reduced and virtually im- 
possible at less than 2 ns. 
Minority carrier traps 
If a forward bias pulse is applied so 
that current flows then, in a p-n 
junction, minority carriers are in- 
jected and may be trapped and 
then emitted. If a p+n or a n+p de- 
vice is used then a rough estimate 
of the minority carrier cross-sec- 
tion can be made from a calcula- 
tion of the injected hole density.A 
much better method, however, is 
to use a separate injecting junction 
[18] or optica1 excitation. In both 
cases, the diode under test is main- 
tained at constant reverse bias and 
the ‘frlling’ pulse applied to the 
subsidiary diode structure or to 
the optica1 source. These tech- 
niques full the state in the deple- 
tion field that may introduce 
uncertainties of its own but very 
importantly permit the minor@ 
carrier population to be adjusted 
to a leve1 that permits convenient 
filling times for the state. In this 
way extremely large cross-sections 
can be measured accurate@ The 
optica1 method has found wide- 
spread use as it can be applied to 
simple structures and in particular 
to Schot@ diodes made with thin 
semi-transparent metal layers. By 
using a light source of variable in- 
tensity with a DLTS system it is 
possible to undertake a selective 
scan surveying for states likely to 
be powerful recombination cen- 
tres [19]. 
Related techniques 
The methods described so far ac- 
count for more than 95% of recent 
data relating to the electrical prop- 
erties of deep states in GaAs. 
However, for completeness, three 
other techniques should be men- 
tioned: TSC (thermally stimulated 
current, conductivity or capaci- 
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tante), Hall measurements and ad- 
mittance spectroscopy. These 
techniques are complementary to 
DLTS and wil1 be reviewed in a 
later article. 
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